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ABSTRACT
Meinhardt, Patricia L., M.A., Botany, August, 1981
The Potential of Pinus ponderosa Pollen as a Primary Pollution
Indicator
Director:

Charles N. Miller

The effect of sulfur emissions by the Hoerner Waldorf pulp mill
(Champion International) on the pollen production of Pinus
ponderosa was investigated in detail. Pollen was collected from
a forest ecosystem near the plant where elevated sulfur levels
have been recorded repeatedly in the vegetation and from a
pollution-free control area. Various aspects of pollen production
were analyzed and evaluated for their potential use as primary
pollution indicators.
Germination capacity, pollen grain morphology, and accumulated
sulfur content of reproductive tissue were determined to be unaf
fected by sulfur emissions in the area. When control versus
polluted collections were analyzed, the samples exhibited an
impressive homogeneity for these parameters.
Pollen samples from both the control and polluted areas were
also subjected to specific cytochemical staining for carbohydrates.
A significant reduction in carbohydrates was observed in pollen
from the fumigated area, including both a drop in stained starch
bodies and carbohydrate levels in the intine layer. Staminate
cone production was also determined at the two study sites. Data
indicated a significant dimunition of male cones initiated at the
fumigated site versus the control site.
Both factors--a reduction in available carbohydrate and a drop
in male cone initiation—could feasibly affect the regeneration
potential of those pine ecosystems subjected to pollution emissions.
Either of these two analyses or both could provide a quick and
inexpensive bioassay for predicting potential pollution damage to
the reproductive capacity of Pinus ponderosa.
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Chapter 1
INTRODUCTION
Over the past twenty years, extensive research has been conducted
concerning the interaction of a myriad of air pollutants and affected
plant species.

Most of these investigations have concentrated on the

vegetative phase of the plant ecosystems under study.

Such vegetative

damage as chlorosis and necrosis of plant tissue, a generalized reduction
in plant vigor, and a predisposition to insect and pathogenic infesta
tions often results in deterioration now recognizable to both researchers
and the public from both an aesthetic and economic viewpoint.
Regeneration of fumigated ecosystems via sexual reproduction has
until recently received little attention.

This is mostly due to the fact

that the effects of contaminants on the reproductive phase of plants are
rarely as obvious as are many types of vegetative damage.

Disruption of

the reproduction process is just as important as vegetative damage since
it affects population vigor and stability.

Though pollution damage to

foliar tissue may present more immediate dangers to a contaminated area,
reduction of the reproductive potential of such an area could lead to
lack of regeneration and eventual exclusion of sensitive species.
In attempting to investigate the effects of environmental contam
inants on reproduction, one is initially overwhelmed with the complexity
of such systems and the phenomenal array of factors affecting successful
reproduction.

Since the production of viable pollen is critical to
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species which rely upon sexual reproduction, study of the pollenproducing system is a logical starting point.

In fact, Feder and

Sullivan (1969) have determined that for certain species, pollen is more
sensitive to fumigation than vegetative tissue.

Other researchers have

also discovered a variety of toxic gases inhibit pollen development at
concentrations lower than those necessary to induce foliar lesions
(Dopp, 1931; Facteau et al., 1973), and the degree of inhibition is
greater than the corresponding vegetation damage.

Such research indi

cates a potential for the use of pollen as a primary indicator of
pollution damage, that is, a possible "canary" or early warning signal
that contamination is beginning to stress the plant community subjected
to fumigation.
Therefore, this investigation was undertaken to determine the
potential of pollen as a primary pollution indicator under the following
specific field and fumigation conditions:
--The forest area under study was shown by Carlson et al. (1974)
and Gordon (1978) to be one subjected to elevated levels of
reduced sulfur from Kraft pulp mill emissions.
--This fumigation resulted in obvious vegetative damage as well as
an apparent selective reduction in the regeneration of dominant
plant species.
--Pinus pondeorsa (Ponderosa pine) was selected as a representative
species because of its sensitivity to sulfur fumigation (Gordon,
1978) and because of its economic and phytosociological
importance in the area.

The purpose of this research was to:

(1) determine the effect

of sulfur fumigation on the pollen development of Pinus pondeorsa, and
(2) investigate the potential of Ponderosa pine pollen as a primary
pollution indicator of excess sulfur contamination.

Chapter 2
LITERATURE REVIEW
Because so little importance has been placed on the consequences of
exposure to environmental pollutants as they relate to the reproductive
capacity of plants, a review of research to date presents something
less than a comprehensive picture.

Therefore, investigations dealing

with reproductive sensitivity of a variety of plant species under various
conditions must be integrated to provide some background to deal with
the specific effects of sulfur fumigation on Ponderosa pine reproduction
via pollen development and germination.

This review, then, includes

responses of several plant species, with an emphasis on conifers, to a
selection of major air pollutants, particularly sulfur fumigation.
In order to relate this information to the reproductive cycle of
Ponderosa pine and the possible effects of fumigation on the initiation
and development of Pinus pollen, the relative details of the Pinus
reproductive cycle are presented in Appendix A.

Since pollination and

fertilization might also be affected by abnormal pollen development
resulting from environmental contamination, a brief discussion of these
processes also is included in that section.
General Air Pollution Effects on Sexual Reproduction
As early as 1914, Anderson reported a phenomenon of reduced fruit
set in commercial orchards in the vicinity of local cement kilns.
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The chemical composition of the particulate adhering to the orchard
trees corresponded to the aerosol emitted from the kilns.

Although

pollen germination was not tested, the stigmatic fluid exhibited an
acidic pH shift.

Anderson believed this may have been a response to the

alkalinity of the cement particulate and metal cation toxicity.
Rao (1971) also found stigmatic surfaces to be collecting centers of
particulate.

His investigation dealt with an air pollution problem due

to coal unloading.

In this situation, pollen germination was inhibited

and fruit set drastically reduced compared to crop production before
exposure.

Mikva (1969) and Podzorov (1965) discovered a reduction in

seed/cone set and yield when working with two different species of
Pinus exposed to industrial air pollution.

Their research suggested

that reduced seed quality occurred in Pinus as previously described for
commercial orchard crops.
According to Von Wettstein (1965), pollen development could be
strongly influenced by environmental factors, resulting in abnormally
small or large pollen grains.

Factors such as introduced chemicals can

disturb polarity during formation and result in male sterility.
Researchers in Germany (Fluckinger et al., 1978) believed that the
combination of germination and tube growth of Nicotiana sylvestris
pollen is a sensitive indicator for air pollution caused by motor
vehicle traffic.

On the periphery of traffic, germination was inhibited

by 93 percent and tube growth was inhibited by 89 percent of those
grains which germinated after eight hours.

Tube growth was still

reduced by 22 percent at a distance of 200 meters from the motorway
when compared to a clean air control.

Other investigations also

indicated a marked inhibition by S0 2 , N0 2 , acrolein, and formaldehyde
on the germination and pollen tube elongation of a number of plant
species a t concentrations ranging from 0.75 t o 10 ppm (Masura e t a l . ,
1976).

Combinations of S0£ and N0 2 , O3 and N02» and N02 and formal

dehyde produced synergistic reduction in tube growth.
A variety of insecticides and pesticides also inhibit germination
and pollen tube elongation in petunia and tomato species according to
Gentile et al. (1971).

Iwanami and Iwadare (1978) documented an inhi

bition of germination, tube elongation, and division of the generative
cell into two sperm by a particular herbicide.

In addition, the

toxicity of certain herbicides increased with increasing concentrations
and exposure (Dubey, 1977).
Ozone and oxidant injury.

Researchers investigating the impact of

ozone fumigation (Feder, 1968; Feder and Sullivan, 1969) on pollen
germination and tube elongation discovered an important parallel in the
tobacco and petunia varieties under study.

They concluded that

differences in pollen sensitivity parallel differential susceptibility
to foliar injury by ozone exposure.

Such depressions in normal physio

logy occurred with both in vitro and in vivo fumigations.

In addition,

Mumford and associates (1972) discovered biochemical alterations of
corn pollen at very low (.03 ppm) ozone levels.

Such alterations

included autolysis of structural glycoproteins and stimulation of amino
acid synthesis.
Reduced floral productivity also was reported by Feder (1970) for
geranium species under low level chronic oxidant stress.

Likewise,
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Trifolium repens (clover) from similar polluted areas exhibited a
reduced number of flowers per inflorescence, according to Sharma and
Butler (1973).

In 1977, researchers conducted open top chamber studies

on field-grown soybeans in an area subjected to power plant emissions
and urban oxidants (Krupa et al., 1977).

Although no visible foliar

injury occurred, bean yield declined by 24 percent, an obvious effect on
reproductive vigor.
Fluoride injury.

Besides sulfur dioxide stress on pollen germi

nation (to be discussed later), the impact of fluoride fumigation has
received the most attention by air polluton experts.

The majority of this

research has emphasized a reduction of crop production due to chronic
exposure to fluoride emissions.

As early as 1966, Leonard and Graves

(1966) reported reduced citrus production when fluoride was present in
orchard atmospheres and postulated fumigation during the crucial period
of spring bloom was responsible.
Along this same line, Facteau and associates (1972, 1973, 1977)
discovered similar effects on several orchard species during both
in vitro and in vivo fluoride treatments.

Their research, used as the

basis of a crop damage litigation, reflects the potential tool that
pollen studies may become for legal proof of environmental damage.
Their data showed a highly significant effect of hydrogen fluoride (HF)
on inhibition of pollen tube growth and germination of an economically
important sweet cherry variety.

This phenomenon was apparent in vitro

and Jji vivo with fumigations of HF and aqueous NaF and NH4F sprays
(Facteau et al., 1973).

They also concluded that this reduction in

pollen tube growth was an important factor in delaying pollination.
Since degeneration of the receptive egg of the species under study
occurs shortly after anthesis, "any factor that delays the pollination
to fertilization processes, such as reduced pollen tube growth, would
contribute to reduction of fruit set" (Facteau et al., 1973, p. 235).
This concept of reduced fruit set due to a shift in reproductive
synchrony might also apply to other species in which HF fumigations
caused a delay in pollen tube growth.

Such delays resulting in

decreased fruit/seed development have been documented for such additional
species as tomato and cucumber (Sulzbach and Pack, 1972), apricot
(Facteau and Rowe, 1977), and orange (Leonard and Graves, 1966).
Hitchcock et al. (1963) also dealt with a reduction in seed production
of a sorghum species exposed to fluoride emissions.

In this case, the

reduction appeared to be a result of decreased flower production.

If

these two factors are combined, an even greater detriment to normal
reproduction could arise.
Extensive research concerning a decline in fruit/seed formation in
horticultural species due to fluoride contamination was conducted by
Pack and Sulzbach (1976) and Pack (1966, 1971a, 1971b, 1972).

They

suggested that inhibition of pollen germination and tube elongation
occurred from soluble fluoride ions in the stigmatic fluid.

Another

possibility postulated by them was a depletion of soluble calcium
necessary for pollen germination and tube elongation for many plant
species, including those under study--tomato, bean, and strawberry
species.

Their research also indicated a lower retention of pollen on

the stigma as a significant response to HF treatment resulting from

either pollen germination failure or abnormal tube development which
typically orients the grains on the stigma.

In both situations

presented by Sulzbach and Pack (1972), an inhibition of complete
pollination prevented a certain percentage of ovules from being ferti
lized, resulting in fewer seeds.
The only investigations emphasizing the consequences of fluoride
fumigation on coniferous species were conducted at the University of
r

Montana.

One such study (Kenton, 1976, unpublished)* showed a strong

relationship between percent pollen germination and the accumulation of
fluoride in composite foliage samples of Douglas fir.

In addition, the

fluoride levels of the male strobili paralleled that of the vegetative
foliage.

A second study conducted by Hammer (1970, unpublished)** dealt

with possible fluoride damage to Pinus contorta pollen and thus the
reproductive capacity of the species.
indicated the reproductive tissues of

The results of this limited study
contorta vary in their ability

to resist fluoride poisoning, as was common in vegetative tissue.

Even

given the variable response to fluoride fumigation, Hammer (1970,
unpublished) concluded that fluoride contamination negatively affects
the percentage of viable pollen from P. contorta trees.

*Unpublished report.
nation of conifer pollen.
Missoula, Montana. 6 pp.

Effects of fluoride concentrations on germi
Department of Botany, University of Montana,

**Unpublished report. An investigation into the effects of airborne
fluorides and pollen viability. Department of Botany, University of
Montana, Missoula, Montana. 9 pp.
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Sulfur Damage to Reproductive Potential
Sensitivity of selected angiosperm species.

Most of the research

conducted to date concerning the impact of sulfur contamination on
reproduction has emphasized tree species.

An exception, completed by

Rice et al. (1979), dealt with an important grassland ecosystem and
suggested that sulfur dioxide (SO2) affected progeny characteristics for
prairie grasses.

A reduction in seed weight, germination capacity, and

speed of germination (a measure of seedling vigor relevant to establish
ment in limited moisture regimes) have been observed for seed formed by
plants subjected to sulfur fumigation.

From preliminary data and obser

vations, Rice et al. (1979) suggested several possible responses to
sulfur fumigation:

total pollen production either was reduced by fumi

gation or the timing of pollen release altered, necrosis of floral parts
occurred, and the number of grass styles with attached and/or developed
pollen tubes was reduced.
Another important effect of sulfur fumigation on angiosperm species,
in this case Tradescantia, has been investigated by Ma and Khan (1976)
a n d Ma e t a l . ( 1 9 7 3 ) .

The r e s u l t s o f t h e i r preliminary study (Ma e t a l . ,

1973) indicated pollen tube cultures of Tradescantia are extremely sensi
tive to SO2 gas or its hydrated form.

This was also the case for egg

plant pollen according to Taniyama and Uman (1973).

A follow-up study

by Ma and Khan (1976) suggested an inhibitory effect by SO2 on mitotic
activity of the generative and tube nuclei.

An explanation of this

phenomenon was hypothesized by Ma and Khan (1976)—since SO2 enhanced
chromatid aberration (Ma et al., 1973) at low concentrations (.075 ppm
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for 18-20 hours), the sites sensitive to SO2 were most likely related
to DNA metabolism.

A biochemical study by Petering and Shik (1975)

resulted in a complimentary conclusion—that being, the inhibitory
effects of SO2 and its hydrated forms could result from a chemical
reaction of SO2 with some carbohydrate fraction of the pollen tube or
DNA o f t h e c h r o m o s o m e s o r o t h e r o r g a n e l l e s o f t h e c e l l .
Susceptibility of forest tree species.

The rest of the literature

concerned with the sensitivity and susceptibility of the reproductive
process to sulfur fumigation emphasizes forest tree species.

One of the

earliest and most important studies was conducted by Dopp in 1931.

He

observed reduced germination, shorter pollen tubes, and morphological
irregularities in conifers (especially Pinus montana) and in a large
variety of angiosperms treated experimentally with S02-

Such inhibition

was observed at the lowest dosages he was then able to maintain (1 ppm
for 2-3/4 hours).
Dopp (1931) also discovered that a concentration of 10 ppm SO2
maintained up to six days had no effect on pine pollen exposed in a dry
condition.

He did find, however, both decreased germination and burst

tubes when moist pine pollen was exposed to 10 ppm SO2 for 45 minutes,
indicating that hydrated pollen is more sensitive to SO2 than dry pollen.
Karnosky and Stairs (1974) discovered a similar phenomenon in their
fumigation experiments—moist pollen was far more sensitive than dry
pollen to SO2 exposure for Pinus resinosa, Pinus nigra, and Picea
pungens.

A four-hour exposure to 1.4 ppm SO2 severely restricted moist

pollen germination and tube elongation of the three conifer species.

The authors believed that the absorption of SO2 resulted in an acidifi
cation of the germination media.

Germination trials conducted in

acidified media indicated the resultant acidification from SO2 exposure
could account for much of the reduced germination and tube elongation
for certain species investigated but could not completely explain the
reduced pollen germination and tube length response of the conifers
studied.
Shkarlet (1973), in studying the effects of SO2 pollution on the
generative sphere of forest ecosystems, emphasized the changes in the
morphological characteristics of pollen formed under conditions of
industrial pollution in both the atmosphere and soil.

Scots pine pollen

was subjected to high concentrations of SO2 (up to 6 mg/m3) near a
copper smelter factory.

Assuming that any changes in pollen morphology

resulting from high concentrations of industrial gases would inhibit the
growth and development of the conifers, Shkarlet observed several major
changes in the fumigated in vivo pollen of Scots pine.
First, the data indicated that the number or percentage of trees
producing small pollen grains increases as the pollution source is
approached--from 36.4 percent on the control area to 57.1 percent on
the moderately-polluted area to 87.5 percent on the highly-polluted area.
Secondly, the number of undeveloped pollen grains also appeared to be
dependent on the degree of pollution since it increased from 0.8 percent
under control conditions to 5.4 percent under highly-polluted conditions.
According to qualitative observations of Shkarlet, underdeveloped pollen
grains were nonviable.

In addition, another alteration generally

observed under conditions of intensive pollution indicated that

"the germination rate and energy of germination of the pollen are
appreciably reduced, especially in years with unfavorable weather
conditions" (Shkarlet, 9173, p. 41).
Another important response noted by Shkarlet was that "in polluted
areas most of the growing trees do not produce pollen at all or give a
very negligible number of male cones, which leads to a drop in the yield
of pine pollen on the polluted territories and has a great effect on the
yield of seeds" (1973, p. 40).

This reduction in both pollen seed

quantities from exposure to sulfur fumigation could have potentially
disastrous implications for forest ecosystems; and, this phenomenon has
been documented by several other researchers besides Shkarlet (1973).
Manejev and Shkarlet (1970) reported both reduced pollen and seed
production of Scots pine exposed to industrial air contamination.
Antipov (1971) also believed that woody plants exposed to SO2 under
natural conditions exhibited incomplete fruit set, reduced seed/fruit
size, and premature fall.

Along this same line, Pelz (1963) conducted

a field study with a 1,000-seed sample size of spruce comparing "smoke"fumigated stands (SO2 being the only pollutant specifically identified)
to control stands.

Seed cones which had undergone development in

polluted stands were significantly shorter and lighter.

Seed weight and

germination capacity were reduced, with an elevated level of hollow and
stunted seeds associated with the fumigated stands.

Both direct effects

on microsporangiate and megasporangiate cones and seed formation, as
well as indirect effects through parental stock, seem to have occurred.
The resultant irregular gametophyte production and reduction in seed
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quality precluded natural regeneration as a management option for these
fumigated stands.
The most recent relevant work also dealing with such consequences
to reproduction comes from Houston and Dochinger (1977).

In their

investigation, collections were made from eastern white pine (IP. strobus)
and red pine (P. resinosa) in areas of high and low air pollution in
order to study the impact of ambient SO2 pollution (average 0.54 pphm SO2)
on cone, seed, and pollen characteristics.

It is noteworthy that none

of the trees sampled displayed any foliar pollution injury symptoms,
although they were in the vicinity of a coal-fired power plant complex.
Significant reductions in cone length, number of seeds per cone, seed
weight, seed fill, seed germination success, pollen germination, and
pollen tube length were observed in one or both of these species.

Their

data suggested that chronic air pollution levels may be affecting repro
ductive tissues of pines in polluted areas at concentrations lower than
those required to elicit visible foliar injury.
In sunmary, current and past research indicated the reproductive
systems of many different plant species may indeed be affected by a
variety of pollutants.

Resulting symptoms include responses ranging

from abnormal pollen development and reduced pollen germination to
incomplete fertilization and seed formation.

A review of the literature

concerning conifer ecosystems suggested a possible reproductive sensi
tivity of Pinus sp. to environmental contamination and, in particular,
sulfur fumigation.

This susceptibility also may be apparent even when

damage to the vegetation is not visible.

Such research indicates the

need to explore the effects of environmental pollution on plant

reproduction (especially pollen development) and the potential of pollen
as a primary pollution indicator.

Chapter 3
MATERIALS AND METHODS
Description of the Study Area *
The area surrounding the Hoerner Waldorf Pulp Mill, located 17
miles northwest of Missoula, Montana, was selected as a representative
fumigated forest area for study (Figure 1).

In an environmental impact

statement prepared at the mill's expense, investigators showed that
during 1973 the Kraft plant emitted approximately 520 pounds of total
reduced sulfur per day and 5,000 pounds of sulfur dioxide per day
(Berg et al., 1973).

As a result of these emissions, researchers

reported excessive levels of sulfur in the foliage of the coniferous
forest approximately one mile west of the mill (Carlson et al., 1974;
Gordon, 1978).
This forest ecosystem has been subjected to chronic as well as
acute exposure to immoderate sulfur dioxide and reduced sulfur fumi
gation for many years.

Appendix B includes a graphic representation of

elevated sulfur content in Ponderosa pine vegetation in this highly
damaged area through 1978 (Gordon, 1978).

Emissions from the plant

have also resulted in more obvious vegetative damage (Figure 2) and an
apparent selective reduction in regeneration of important plants within
the ecosystem.*

*This statement represents a personal impression by the author,
since no data base exists concerning this problem.
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Figure 1.

Hoerner Waldorf Pulp and Paper Mill at Missoula,
Montana. Prevailing winds often carry emissions
behind the mill, subjecting coniferous ecosystems
to particulate and various gaseous sulfur compounds
including mercaptans, hydrogen sulfide, and sulfur
dioxide. The most extreme damage is present behind
the viewer.
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Figure 2.

Pinus ponderosa vegetation exhibiting a wide
range of foliar damage due to sulfur fumigation
from the Kraft pulping process. Needle
chlorosis and necrosis, premature needle drop,
reduced growth, and a generalized depression in
plant vigor were common symptoms to the
surrounding area.

Ambient sulfur levels near the area of study collected by Hoerner
Waldorf were consistently low, however.

Hydrogen sulfide levels averaged

between 1 and 2 parts per billion (ppb) throughout the time of this
investigation, with sulfur dioxide levels of less than 1 ppb often
recorded.

With the presence of obvious plant tissue damage possibly due

to a latent impact and documented elevations of foliar sulfur levels,
the same area studied by both Carlson (1974) and Gordon et al. (1978)
was selected as an appropriate site to study the effects of sulfur fumi
gation on cone production, pollen development and germination of Pinus
ponderosa (Appendix A).

The specific location and orientation of this

site is presented in Figure 3.

Because of the nature of pollen studies,

extreme care had to be taken when selecting a suitable control site.
Such factors as elevation, moisture, temperature, soil type, etc. can
drastically influence microsporogenesis (Stanley and Linskens, 1974).
The Twin Creek area of the Blackfoot River, found by Carlson et al.
(1974) to be free of sulfur fumigation, was determined to be an accept
able control site for this investigation (Figure 4).

Pairing of these

two sample areas was appropriate for synchronous pollen collections for
several reasons:
1.

Each site was classified as a Pseudotsuga menziesiiPhysocarpus malvaceus habitat type (Pfister et al., 1977), with
a variety of mature and immature Ponderosa pine present.

2.

Both sample areas were between 3,600 and 4,000 feet in elevation
with similar exposure and slope.

3.

The physical, chemical, and hydrological properties of the soils
in both areas were determined by Carlson et al. (1974) to be
well-matched.
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Experimental Approach
A variety of factors were analyzed in this study to gain an over
view of the effect of sulfur fumigation on the pollen development of
Pinus ponderosa and to explore the potential of its pollen as a primary
pollution indicator:
1.

Microsporangiate cone production—Effect of environmental
sulfur exposure on cone production was determined.

2.

Sulfur content of pollen grains and cones--Any elevation of
accumulated sulfur in reproductive tissue was evaluated.

3.

Pollen viability and germination capacity—Any differences in
the viability of pollen from the control and polluted sites
were investigated.

4.

Pollen grain morphology—Variability in overall mature grain
morphology due to fumigation was analyzed.

5.

Carbohydrate levels of pollen—Changes in carbohydrate reserves
of pollen samples due to sulfur emissions were determined.

In summary, these analyses were initiated to determine the effects
of sulfur contamination on Pinus ponderosa pollen from a cellular and
biochemical perspective, a morphological view, and a concern for the
production of the pollen-bearing cones.
General Collection of Material
Control and polluted samples, each consisting of generally five
branches bearing staminate cones, were collected in early June, 1978,
just prior to maturation, i.e., at a time when a few of the microsporangia were beginning to dehisce (Figure 5).

At each site, collec

tions were taken at mid-crown via pole pruners from ten pines
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Figure 5.

Sampling procedure to collect Ponderosa pine
staminate cones. Collections at the polluted
site were taken from the side of the pine
facing the emissions.

representing a mixture of small and large sexually mature trees.

These

cones were spread in a single layer in an attempt to maintain relatively
non-contaminated conditions.

Following procedures similar to those of

Nygaard (1968), the pollen cones were allowed to air dry for seven days
at 25°C and approximately 50 percent humidity.

With gentle tapping, dry

pollen was removed from the staminate cones, passed through a fine mesh
screen, and collected in sterile glass vials.

These samples were then

left open to dry CaCl2 in a dessicator for an additional 24 hours.

The

dry pollen was then stored in closed glass vials over dry CaCl2 at 4°C.
Pinus pollen extracted and stored in such a manner remains viable for
2% years without any decrease in germination capacity (Nygaard, 1968).
The importance of processing the pollen under the above well-defined
conditions has been stressed by many researchers, especially Duffield
(1954).

All described analyses, then, are based on pollen samples taken

directly from the storage container after a 30-minute acclimation period
to room temperature.

The remaining staminate cones were also set aside

for subsequent analyses.
Laboratory Analyses
A variety of standardized procedures were utilized to investigate
the effects of sustained sulfur emissions on Pinus ponderosa pollen.
Microsporangiate cone production.

The number of staminate cones

per branch of all the samples collected for pollen analyses were
recorded.

Quantitative comparisons between fumigated versus control

sites were documented as well as qualitative differences in cone length
and size.

Sulfur content of pollen grains and cones.

Total sulfur analyses

were conducted on pollen samples and staminate cones from five
representative samples from each site.

The combustion iodometric

procedure was used according to Gordon et al. (1978) to determine total
sulfur content of both pollen and staminate cone tissue.
Pollen viability and germination capacity.

Preliminary collections

from the control and polluted sites were conducted in June, 1977.
Respiration viability analyses were conducted utilizing the pollen of
three representative pines at each site.

Using the hanging drop-

tetrazolium stain method of Hauser and Morrison (1964), qualitative
results were obtained as to respiring versus non-respiring tissue.

Any

abnormalities in pollen morphology were also recorded.
Pollen to be utilized during germination trials was removed from
storage contains and, after a minimum period of 30 minutes at room
temperature, was added to liquid medium of distilled water.

Micro-test

II tissue culture plates were utilized as incubation containers.

To

retard evaporation of the incubation medium, the sample containers were
kept in a closed plastic box containing moist paper toweling and were
then placed in a growth chamber under dark conditions at 25°C for
approximately 30 hours.

Photomicrographs were taken in a random manner

(Bilderback, 1981), with the number of pollen grains photographed and
analyzed ranging from 200 to 600.

The percent germination was determined

by counting the total number of grains and the number of germinated
grains from projected 35 mm negatives.

Pollen grain morphology.

Samples from both sites were also

subjected to acetolysis (Faegri and Iversen, 1975) with 10 grains per
slide measured for a variety of parameters which included the width of
the grain body, width and length of the saccus, and thickness of the cap.
A qualitative indication of normal versus abnormal morphology was also
recorded using a Leitz microscope system—the system utilized for all
photomicrographs in this investigation, except where indicated.
Any discrepancies in pollen morphology were also investigated using
other forms of microscopy.

Pollen tissue was prepared according to

methods developed by Speer (1978) for both scanning and transmission
electron micrographs.

Qualitative observations were recorded as to

tissue health, with thick section photomicrographs recorded using the
Leitz system described previously.
Carbohydrate levels of pollen.

Representative specimens of pollen

were sectioned medially using the methacrylate plastic technique
developed by Feder and 0'Brian (1968) and subjected to cytochemical
staining.

Sections 1 to 3 ym thick were stained with periodic acid-

Schiff procedure for carbohydrates in the fumigated versus control
collections.

Quantitative comparisons were obtained by counting the

number of grains displaying the characteristic stain versus the total
number of grains present.
grains.

Representative counts ranged from 25 to 30

Chapter 4
RESULTS
Microsporangiate Cone Production
The most apparent difference in the field between the two sites was
the reduction in the number of microsporangiate cones produced per
leader branch at the fumigated site (Figure 6).

When collections from

both areas were analyzed quantitatively, there was indeed a significant
difference in cone production.

The total average cone production per

leader branch at the Hoerner Waldorf site was 10 compared to 25 at the
control site (Table 1).

The reduction of male cones at the fumigated

site was 40 percent of that at the control site.

This difference was

significant statistically.
Qualitatively, a disparity in overall cone size and length was also
observed when comparing the two collections.

Since male cone length and

size are difficult and often inconsistent parameters to measure (Orian,
1979, personal communication), the only appropriate observation was a
general one—that being, the length and radial diameter of the micro
sporangiate cones from the fumigated site appeared to be depressed
when compared to control collections.
Sulfur Content of Pollen Grains and Staminate Cones
The total sulfur content of cone tissue was not significantly
different when control versus fumigated tissue were compared (Figure 7).
Both displayed approximately 650 parts per million (ppm) of reduced
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Figure 6.

Visual comparison from a control (top photo
graph) and fumigated (bottom photograph)
branchlet of male cone production.

Table 1
Microsporangiate Cone Production per Leader*

Sample Pine

X

N*

S.D.

6
20
15
11
5
4
30
11
3
10

±4.0
±3.8
±6.2
±3.2
±2.8
±1.3
±2.7
±10.0
±4.8
±5.5

Control Site
1
2
3
4
5
6
7
8
9
10
Total Average Cone
Producti on/Leader

15
21
25
27
29
23
28
27
31
19
25

±4.4

Hoerner Waldorf Site
1
2
3
4
5
6
7
8
9
10
Total Average Cone
Production/Leader

12
11
8
14
5
9
13
9
7
7
10

12
32
11
5
17
2
11
15
5
4

±2.9
±12.5
±3.3
±7.3
±5.5
±5.6
±4.8
±2.8
±2.6
±1.4
±4.8

*Each "leader" consisted of the main axis
and 2-5 secondary branch!ets.
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sulfur (N = 15 replicates).

This corresponds closely to the standard

600 ppm baseline sulfur level for vegetative tissue (Gordon et al.,
1978).

Pollen samples (Figure 7) from the two areas were also equi

valent with control samples averaging 1,400 ppm and fumigated samples
averaging 1,414 ppm sulfur (N = 15 replicates).

Considering the

accepted variability of 50 ppm innate in this testing procedure, these
results were extremely consistent.
Since published reports of the sulfur content of Ponderosa pine
reproductive tissue are uncommon, if not non-existent, internal vari
ability replications were also analyzed.

Five replicates of one sample

of cone tissue exhibited a standard deviation of 82 and a range of 36.6
about the mean (640 ppm) at the 95% confidence level.

Analysis of five

replicates of one sample of pollen indicated a standard deviation of 54
with a range of 24.4 about the mean (1,300 ppm) at the 95% confidence
level.

According to this data, internal variability in pine reproductive

tissue appeared to be minimal.
Pollen Viability
Qualitative differences in fumigated versus control pollen samples
were based on microscopic analyses (Figure 8).

When pollen grain cells

were actively respiring, the center portions of the grain (prothallial,
generative, and tube cells) exhibited a distinctive blue tetrazolium
stain.

If no viable cells were present, the two air bladders often

absorbed the excess tetrazolium blue, while the central cells remained
unstained, indicating no active respiration.

Comparison of control

versus polluted respiration trials (Figure 8) indicated a definite
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Figure 8.

Control (top micrograph) and polluted (bottom
micrograph) respiration trials, X125. Note
the common staining of the central cells on
the control sample sample versus the lack of
stain on the polluted sample, indicating nonrespiring tissue.

decrease in the viability of fumigated pollen.

Increased magnification

of these samples reaffirmed this result (Figure 9).

Not only was a

decrease in the number of respiring cells apparent in the polluted
samples, but an increase in pollen wall fragmentation and distortion of
pollen morphology was also evident (Figure 10).

Incomplete formation of

air bladders and "tearing" of exine layers was observed at times.
Germination Capacity
During preliminary experiments, Pinus pollen was incubated in a
variety of modified distilled water media to determine any specific
ecotypical requirements for these collection sites.

Duffield (1954)

stated that, in general, pine pollen required no additional nutrients
in a distilled liquid medium for germination.

Addition of sucrose,

boron, CaCl2» and KH2PO4 at various concentrations provided no signi
ficant increase in germination capacity when compared to a simple
distilled water medium.

Each series resulted in 70 to 72 percent

germination percent.
Given these standard conditions, germination capacity was deter
mined using the characteristic germination stage displayed in Figure 11,
i.e., the germination tube just beginning to expand was considered
"germination."

Pollen collections from control and polluted areas were

quite consistent in their germination character and habit, including
incubation time (Figure 12).

Furthermore, there was no increase in

abnormal pollen germination in the polluted samples, such as double
germination tube formation or premature bursting of the tube.
Actual germination percentages were also similar when fumigated
and non-fumigated samples were analyzed (Table 2).

Remarkable
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Figure 9.

Higher magnification of control (upper micro
graph) versus fumigated (lower micrograph)
samples subjected to respiration viability
examination, X200.
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Figure 10.

Fragmentation of grain structure in polluted
samples, X200.

Figure 11.

Pinus ponderosa pollen in initial stage of
germination, X200. Note the extension of
the germination tube.
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Table 2
Germination Capacity of Control Versus Polluted Pollen

Sample Pine

No. of Grains*

% Germination

Control Site
1
2
3
4
5
6
7
8
9
10

600
300
400
250
250
250
300
300
450
300

70
71
70
70
73
72
70
72
70
71

Hoerner Waldorf Site
1
2
3
4
5
6
7
8
9
10

300
450
300
250
200
300
325
300
250
225

•summation of 5-10 replicates

72
72
71
70
70
70
70
72
71
71
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consistency in germination capacity was exhibited both internally and
comparatively by all samples tested.

Between 70 and 73 percent of the

pollen grains germinated in both the fumigated and non-fumigated pine
replicates.

This homogeneity indicated no significant difference, and

no further statistical examinations were conducted.
Pollen Grain Morphology
The morphology of Ponderosa pine pollen grains is shown in
Figure 13.

Measurements indicate a remarkable consistency in samples

from the two collection sites (Table 3).
In attempting to determine normal versus abnormal pollen morphology,
wall structure (obvious after acetolysis—Figure 13) was also studied.
Light microscope examination of both acetolyzed pollen (Figure 13) and
thick section preparations (Figure 14) showed no detectable discrepancies
in wall structure.

Exine and intine wall formation, reticulate

patterning, and wing arrangement were the same.
External wall structure was also examined using scanning and trans
mission microscopy.

Under the SEM, the exine showed no differences

between the control and fumigated collections.

At a transmission micro

scope level, organelle structure and arrangement and wall construction
in the two collections appeared to be consistent after preliminary
scanning.
Carbohydrate Levels of Pollen
Photomicrographs of representative samples of control and fumigated
collections are presented in Figure 15.

The distinctive red coloration

indicates a positive staining reaction to the periodic acid-Schiff
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Figure 13.

Acetolyzed pollen samples of control (top)
and polluted (bottom) collections, X400.
Micrometer disks were utilized to measure
various aspects of the grains.

Table 3
Structural Measurements* of Pollen Grains—Control Versus Polluted
Saccus Width

Body Width
Sample Pine

X

N

S.D.

X

N

S.D.

Saccus Length

Cap Thickness

X

N

S.D.

X

N

S.D.

25.1
25.0
24.9
25.0
25.1

10
10
10
10
10

±3.5
±3.3
±2.1
±2.0
±2.9

2
2
2
2
2

10
10
10
10
10

0
0
0
±0.4
±0.3

25.2
25.3
24.3
25.0
25.0

10
10
10
10
10

±3.1
±3.2
±3.0
±2.9
±3.1

2
2
1.8
2
2

10
10
10
10
10

0
0
±0.5
0
±0.3

Control Site
1
2
3
4
5

24.4
23.0
25.1
24.0
24.1

10
10
10
10
10

±3.0
±2.1
±1.1
±1.0
±2.1

22.4
22.1
22.0
22.2
23.0

10
10
10
9
10

±2.5
±2.1
±2.1
±2.3
±2.2

Polluted Site
1
2
3
4
5
*in microns

24.0
24.1
23.2
25.1
24.4

10
9
10
10
10

±2.0
±2.1
±1.2
±2.9
±1.0

22.1
22.0
23.1
22.9
22.4

10
10
10
10
10

±1.0
±1.2
±2.1
±2.1
±2.1
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Figure 14.

Thick section photomicrographs of control
(top) versus polluted (bottom) pollen grains
stained with gentian blue, X350. The lower
grain was cut at a slightly different angle.
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Figure 15.

Carbohydrate staining of control (top) versus
fumigated (bottom) collections of Pinus
ponderosa pollen, X500. Note the different
intensity of carbohydrate staining.

procedure for carbohydrates.

Qualitatively, a difference in the

apparent levels of carbohydrate was noted (Figure 15). .Quantitative
analyses are summarized in Figure 16.

With an average of 25 stained

starch bodies in the control versus an average of 5 stained bodies in
the fumigated pollen, there is only 20 percent as much carbohydrate in
the fumigated pollen as in the control samples.
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Quantitative analyses of pollen carbohydrate levels
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Chapter 5
DISCUSSION AND CONCLUSIONS
The intent of this study was twofold:
1.

To determine the effect of environmental sulfur fumigation on
pollen production of Pinus ponderosa.

2.

To evaluate the potential of such pollen as a viable pollution
indicator.

In attempting to evaluate these objectives, one is faced with the most
common problem of pollution studies--non-uniform results.

In contrast,

results of this investigation do provide a basis for developing a tenta
tive scenario of the effects of sulfur contamination on Pinus ponderosa
reproduction.
This study showed no significant decrease in the germination
capacity of pollen in staminate cones exposed to sulfur emissions from
a Kraft pulp mill.

In fact, the consistency in germination percentages

both internally and between the two sampled areas was phenomenal.
Although researchers have documented extreme inhibitory effects of SO2
to both the generative and tube nuclei of angiosperm pollen tubes
in vitro (Ma and Khan, 1975), that does not appear to be a phenomenon
common to Pinus ponderosa fumigated in vivo.

In working with many

forest species, Karnosky and Stairs (1974) believed conifer pollen was
more sensitive to SO2 than had previously been reported and that the
sensitivity appeared to be correlated with an absorption of SO2 by the
germinating media (or by the female cone) and not by the isolated pollen
45

grain.

They suggested that acidification of the germination medium may

be the cause and indicated that additional work was necessary to test
the effects of sulfur fumigation on megasporogenesis.
On a qualitative basis, fumigated pollen subjected to respiration
analyses appeared to be adversely affected.

These trials were conducted

with an extremely reduced sample size one year before germination trials
were initiated.

Considering the large sample size utilized to determine

germination capacity and the exaggerated uniformity of results, these
quantitative analyses negate those of the more qualitative respiration
trials when overall conclusions are necessary.

Comparison of respiration

and germination examinations should be conducted, though, to alleviate
any discrepancies.
In this investigation, possible morphological differences were also
examined.

No structural abnormalities of any kind were apparent at the

light, scanning electron, or transmission electron microscope level.
These observations suggest no developmental susceptibility to sulfur
fumigation during microsporogenesis, and no deterioration or solubili
zation of the exine wall.

These results are in keeping with those

researchers who suggest incredible impermeability by the sporopollinen
component of pollen exine (Southworth, 1974).
Sulfur analyses of both pollen and staminate cone tissue were also
included in this investigation.

The reproductive tissue of fumigated

Ponderosa pine apparently does not accumulate excess sulfur as does
vegetative tissue.

Cone tissue from both control and polluted sites

mimicked baseline sulfur levels of vegetative tissue, while pollen
samples from both collections were approximately twice that of vegetative
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and cone tissue.

Since pollen may contain a significant level of

protein, these sulfur levels may be appropriate.

The fact that reduced

sulfur does not accumulate in reproductive male tissue may be highly
significant in preventing sulfur exposure during microsporogenesis.
The aforementioned results indicate no significant impact by sulfur
fumigation on Pinus ponderosa pollen; however, an investigation of
carbohydrate levels illustrated a significant decrease in pollen from
the fumigated site.

This reduction was significant in both the number

of stained starch bodies present as well as the carbohydrate levels in
the intine wall.

Although the function of sugar in fertilization and

pollen tube growth is not clearly understood, its importance to successful
fertilization cannot be overstated according to O'Kelley (1955).

Avail

able carbohydrate may provide an energy source during the long process
leading to fertilization which may encompass many months (Appendix A).
And since germination requires at least 30 hours in vitro under optimum
conditions, a significant depression in an ATP source might prevent
successful germination.

Therefore, multiple points of cessation of the

germination process leading to reduced seed set could be initiated by
reduced available carbohydrates.
Visual lack of seedlings produced by Ponderosa pine at the polluted
site might also be a result of the significant dimunition of the staminate cones when compared to the control.

The fivefold reduction of

pollen cones present at the Hoerner Waldorf site indicates a potentially
serious problem.

According to Shkarlet (1973), a drop in the number of

male cones leading to a reduction in the yield of pine pollen on pollu
ted territories has a great effect on the yield of seeds.

Therefore,

the regeneration ability of these affected stands is potentially
threatened.

Chapter 6
SUMMARY
These results indicate two areas of pollution impact—carbohydrates
available to the pollen grain and a depression of staminate cone produc
tion.

Since ambient sulfur levels were greatly reduced during the

collection period of this study when compared to previous years, these
results may indicate one of two possible scenarios:

First, the

Ponderosa pine in the area may have been so highly stressed in earlier
years that these two factors are still reacting latently.

Second,

carbohydrate levels and staminate cone production may be so sensitive
to sulfur fumigation that the levels still present in the foliage and
air may be the source of reduction.

Germination capacity, pollen grain

morphology, and accumulated sulfur content of reproductive tissue are
apparently unaffected by the stressed environment present at the
Hoerner Waldorf site.
Since carbohydrate levels and staminate cone production appear to
be sensitive to sulfur fumigation, these analyses may be useful sulfur
pollution indicators for Pinus ponderosa.

Both analyses in isolation or

in synchrony could provide a quick and inexpensive method for predicting
potential damage to the reproductive system of Ponderosa pine, an
extremely important forest species.

Since certain angiosperm pollen

is being utilized as a bioassay for toxic compounds (Bilderback, 1981),
specific cytochemical staining for carbohydrates might be a viable
laboratory assay for conifers exposed to environmental contamination.
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In the field, male cone crop numbers of Pinus species may be an
extremely important indicator of reproductive stress due to pollution
emissions, one that is readily apparent to the fieldworker without the
need for laboratory studies.

Besides the reduction in pollen cones

recorded in this study feasibly caused by sulfur fumigation, Luck (1980)
also observed significantly fewer cone crops in Pinus ponderosa exposed
to oxidant air pollution.

Further investigation and use of these

analyses may provide a valuable tool in monitoring the impact of
environmental pollution on our valuable forest ecosystems.
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APPENDIX A
PHENOLOGY OF PINUS PONDEROSA
The reproductive cycle of Pinus sp., like other conifers, is
comparatively complex and more difficult to monitor than that of many
angiosperms commonly used in pollution studies.

The most comprehensive

monograph of the life history of pines was completed by Ferguson (1904)
and supplemented by additional research (Buckholz, 1918; Haupt, 1941;
Johansen, 1950) that followed her original treatment.

These studies

provide a relatively complete and connected account of the reproductive
cycle of Pinus.

The unique characteristics of this cycle are many,

including an atypical period of three years to complete development from
strobilus initiation to seed dispersal (Figure A-l).
Microsporogenesis, Cone Production, and Pollen Development
The development of microsporangiate strobili of pines generally
extends over a period of a year (Ferguson, 1904).

These strobili are

initiated in the axils of scale leaves in the spring or early summer,
depending upon the temperature, elevation, and humidity of the
surrounding environment.

By winter of this first year of the repro

ductive cycle, defined sporogenous tissue is found in the microsporangia
(Ferguson, 1904).

Each functioning microsporocyte gives rise to four

haploid microspores which are enclosed within the wall of the micro
sporocyte until the following spring of the reproductive cycle
(Figure A-2A).

At that point, mitosis and formation of the characteristic
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Pinus ponderosa life cycle.

B

Figure A-2.

Development of male gametophyte in Pinus ponderosa.
A. Tetrad of young microspores (1) with wing tissue forming
(2). B. Prophase of first division of nucleus. C. Two
prothallial cells have formed (1,2). D. Four-celled stage
of pollen when liberation occurs with exine layer (1),
intine layer (2), wing (3), tube cell (4), generative cell
(5), and two prothallial cells (6). E. Young pollen tube as
it would appear in the nucellus of ovule after pollination
with sterile cell (1), spermatogenous cell (2), and tube
cell (3).
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winged pollen grians occurs.

These two wings or bladders of each pollen

grain of the tetrad are formed via the separation of the outer (exine)
and inner (intine) layers of the pollen grain wall while still
surrounded by a common mother-cell wall (Figure A-2C).

By this stage,

the outer surface or exine of the mature pollen grain exhibits a
diagnostic reticulate sculpture with a relatively thin and smooth region
between the wings, at which point the pollen tube later emerges
(Ferguson, 1904).
During the same spring that meiosis occurs and microspores are
developed, three nuclear divisions occur, producing a young male gameto
phyte consisting of prothallial cells (which eventually disintegrate),
a generative cell, and a tube cell.

During the late spring, most Pinus

sp. liberate these immature male gametophytes (Figure A-2D) into the air.
Megasporogenesis
Although the megasporogenesis (seed cone development) of Pinus
ponderosa is not specifically investigated in this research, a brief
description is useful when discussing the role of abnormal pollen during
pollination and fertilization.

As in the microsporangiate strobili, the

megasporangiate strobili are initiated in the summer of the first year.
The differentiation of the ovulate or seed cone is also interrupted by
the onset of winter with the first discernible signs of ovule development
present in April to late May of the following year (Ferguson, 1904).
Prior to megasporogenesis, the pine ovule displays the following
characteristics:

the ovule consists of a nuclei!us and a single integu

ment; the position of the ovule is inverted; the often conspicuous

micropyle points inward toward the cone axis.

As megasporogenesis is

initiated, the megasporocyte undergoes meiotic divisions, producing
generally four haploid megaspores in a series.

The lowest cell of the

series—that cell farthest from the micropyle—becomes the functional
haploid megaspore, with the two or three cells above it disintegrating.
Pollination and Pollen Germination
As the male gametophyte is released, concomitantly, the young megasporangiate cone elongates and becomes receptive to the anemophilous
pollen grains.

Pollination, then, occurs in the late spring of the

second year of the reproductive cycle.
Following pollination, the pollen grains undergo a period of
development in which the emergence of the pollen tube and formation of
a spermatogenous cell occurs from division of the generative cell
(Figure A-2E).

During this same period, the single functional megaspore

within the nucellus enlarges and undergoes free nuclear division
(Ferguson, 1904).

Both the male and female gametophytes overwinter at

these respective stages after pollination (Figure A-l).
Fertilization
During the following spring, now the third year of the reproductive
cycle, the nucleus of the spermatogenous cell of the male gametophyte
divides, forming two male gametes (Ferguson, 1904).

Following this

division, the pollen tube grows actively down through the nucellus,
eventually discharging the male gametes.

Fertilization consists of the

fusion of the larger of the two male gametes with the nucleus of the
egg eel 1.

Embryogeny commences at this point and continues throughout the
summer until mature seeds are shed in the late summer or fall.

With

the onset of seed dispersal, the three-year reproductive cycle of pine
is complete (Figure A-l).

APPENDIX B
SULFUR CONTENT OF PONDEROSA PINE VEGETATION AT STUDY SITE

PONDEROSA PINE SULFUR
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Studies conducted by Gordon et al. (1978) indicated the
above levels of sulfur in Pinus ponderosa foliage near
the Hoerner Waldorf mill. The Bass Creek control area
displayed a general baseline content of 600 ppm sulfur.
With increasing proximity to the plant (i.e., Sherman
Beacon to El Stinko), elevated levels of sulfur occurred.
The increased levels of sulfur at the El Stinko site are
representative of the conifers sampled in this study.
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